Abstract-The environmental impact of mass produced, disposable antennas is a major consideration in such areas as RFID, cellular telephones and keyless entry devices. The selection of environmentally benign materials and low energy manufacturing impacts the efficiency of antennas. This letter outlines a design methodology based on tapering printed meander line antennas to gain maximum efficiency within a fixed area. The strategy involves an iterative optimization technique in which the thickness of each segment is changed proportionally with the current in each segment of the line. At 860 MHz, the same efficiency can be achieved with 50% of the conductive material. Alternatively, the efficiency can be increased without increasing the volume of conducting material.
I. INTRODUCTION
M ASS-PRODUCED antennas are now common place in consumer items such as cellular telephones, keyless entry devices, and most recently radio frequency identification (RFID) technology for tracking and identifying objects. In the past 50 years, the RFID tag production increased to 1 billion units world wide and it is projected to reach 1 trillion by 2015 as the technology may replace bar code technology [1] . However, there are major hurdles to be overcome before RFID technologies reach this level of market penetration. These challenges include reading range 1 limitations, proximity degradation of tag performance, the cost of tags, and most recently, the effect of used tags on environment [2] , [3] . Different solutions have been presented for improving the antenna performance and reducing the proximity effect [4] - [9] , while the issue of the environmental effect of discarded antennas has recently been discussed [3] , [10] .
In this letter the limitations of RFID tags were addressed by introducing the tapering method to RFID meander antennas. The tapering method is demonstrated in two different ways [11] . a) The conductive material was substantially reduced while maintaining the same performance. This decreases the manufacturing cost and reduces the environmental impact. b) Using the same amount of the material redistributed along 1 "Reading range can be defined as the maximum distance at which RFID reader can detect the backscattered signal from the tag [13] ." the length of the antenna, the performance of the antenna was enhanced through an increased read range. These design methods were tested and some optimized results are presented.
II. THEORY
The efficiency of an antenna depends partly on conductor losses. By changing the wire radius in the RFID meander antenna in a manner directly related to the current distribution, the diameter of each conductive segment can be modified to achieve two goals-minimal conductive loss and minimum use of conductive materials. In this letter the efficiency of a wire antenna in air was calculated using the method of moments (NEC [12] ). If there are segments in the NEC model of the complete antenna and the wire segment length is small enough, the current over the length of the th segment , is approximately constant. If is the radius of the th segment, and all segment lengths are equal (
) and the radius ( ) is unchanged throughout the structure, the power loss can be written as [11] (1) where is the frequency, is the magnetic permeability, is the total length of the meander, and is the conductivity of the wire. The efficiency becomes (2) where is the real part of the input impedance (Ohmic loss and radiation resistance) and is the current at the feed point (see [11] , [13] for further details of the method).
The power loss was decreased by increasing the wire diameter of each segment according to the current flowing through it. This causes a change in other antenna performance parameters such as the resonant frequency which can subsequently be corrected by changing the over-all antenna length . Two different methods of tapering were applied.
A. Method 1
The wire radius at the feed point was fixed. The wire radius at every other segment was decreased in proportion to the original current in that segment. While the obvious choice would be to scale the radius proportionally to the power (i.e., the current squared), this resulted in a very wide range of segment radii and the antenna is almost impossible to construct 1536-1225/$25.00 © 2009 IEEE physically. Thus was calculated using a linear current scaling factor from for mm for mm (3) with a minimum limit to the radius. The 0.001 mm limit was chosen to accommodate fabrication tolerances and to prevent NEC error. It was found that most antenna characteristics remained virtually unchanged even though the amount of conductive material required was significantly reduced.
B. Method 2
An iterative approach was adopted to ensure a linear relationship between current and wire radius. A further restriction was imposed: the overall conductor volume was fixed. The current distribution was calculated. The segment radius was changed in line with the current value in the segment and the current distribution recalculated. This required rescaling the radius of every segment of the antenna after each iteration. The original copper volume was calculated from (4) The conductor volume of the tapered antenna was calculated using (5) where was calculated from (3). The segment current was changed when changed. The final conductor distribution was obtained using the algorithm shown in Fig. 1 . The iterative scheme was found to converge after approximately 150 iterations. The routine was terminated when the radius change was less than 0.001 mm for every segment. While the volume of conductive materials was unchanged the antenna performance was enhanced. These two techniques have been previously applied to a straight line dipole antenna with significant success [11] .
III. MEANDER LINE RESULTS
As examples, two published meander line structures used in RFID were modified using these two methods. The antenna details are given in Fig. 2 . The first meander line dipole antenna (M1) fits the area 40 mm 28.1 mm [4] . The second structure (M2) was created using a new optimized design which had both the highest efficiency with the smallest resonant frequency in a given area for a square grid antenna [14] . Both antennas had the same area and both resonated at 869 MHz when the wire radius was 0.05 mm. The total length ( ) of M1 and M2 was 208.6 and 182.8 mm, respectively. The segment size used in the efficiency calculation was 1 mm. The final segment was slightly longer so the resonant frequency was accurate. These designs do not . 2) necessarily provide the best performance in the given area. The performance published previously is summarized in Table I . Table I indicates that these two antennas have approximately the same efficiency, input impedance and resonant frequency. M2 is preferred for an active RFID tag since the total length is shorter. M1 is preferred for passive RFID tags because it has higher gain and so has a longer read range. The effect of the changing radius was investigated in these two structures.
A. Uniform Radius
Using a uniform wire radius , along the length of the dipole antenna, was changed from 0.025 to 0.1 mm. The resonant frequency of both M1 and M2 are plotted in Fig. 3 as a function of the wire radius . The resonant frequency of both antennas increases as the radius increases.
These changes can be explained in terms of the distance between some segments in the meander structure. The inductance per unit length and the capacitance per unit length , between two parallel wires is given by (6) (7) where is the centre to centre separation and is the wire radius. Equations (6) and (7) predict that as increases, the inductance decreases and the capacitance between the segments increases. While the inductance and capacitance have opposing effects on the resonant frequency, the capacitance change dominates and the resonant frequency is increased.
In Fig. 3 , it is evident that the change in resonant frequency is larger for M1 compared to M2. This implies that there is no simple mathematical expression that can be developed for this effect in meander line antennas. Fig. 4 shows the change in efficiency for the meander line antennas.
The efficiency of the M1 and M2 antennas increased with an increase in as indicated in (2) . This is shown in Fig. 4 .
M2 has a slightly higher efficiency with a shorter total length which means it is cheaper to produce and so is the better op- tion for active tags. The reduction in power loss for increased radius in plotted in Fig. 5 . This reduction causes an increase in efficiency and an improved gain which is important for passive tags. M1 has higher gain at low radius values and the difference increases with radius.
B. Nonuniform Radius
The two methods of tapering were applied to M1 and M2 and the results are summarized in Table II. Taper method 1 reduced the copper volume in both structures by approximately 50% while both efficiency and gain were reduced. Taper method 2 not only improved the efficiency in both cases (2.1% and 3.4% for M1 and M2, respectively), the gain also increased. However, the resonant frequencies of both structures increased for all cases. If the antenna is retuned, then the best structure in the given area can be determined with a minimal increase in conductor volume.
IV. MEANDER DESIGNS

A. Minimizing Cost (Method 1)
The cost of RFID tags is one of the boundaries that inhibits the ubiquitous use of RFID technologies. This letter presents a method of reducing the conducting area/volume (copper or silver ink) needed to manufacture RFID tags by 50%. Based on these results it is possible to design an antenna with less copper without a corresponding degradation in performance. One such antenna design based on M2-Method1 is shown schematically in Fig. 6 . In this antenna, the length has been increased so the antenna tuned to the same frequency as the original M2 antenna. Table III shows a 5% loss in efficiency but the volume of copper used is 50% less than that of the original meander. The tapering method has saved about 50% of the conducting material requirements. This method can be used to reduce the manufacturing cost of RFID tags, as well as reducing the environmental impacts of disposable tags. This is an important conclusion of the letter.
B. Enhancing Performance (Method 2)
High gain tag antennas increase the read range. The tapering method can be used to create the highest gain antenna for a given volume of conducting material and area. Based on M1-Method2 model, an antenna was designed in the same area with the same volume of conductive material M1 but with higher gain (see Fig. 7 and Table IV) . A thin length extension was added to decrease the resonant frequency. This is an important conclusion from this research; that is, without any changes in cost and area, the gain of the antenna can be increased, and so the read range is larger.
V. CONCLUSION
In the past many antenna engineers have not paid significant attention to the environmental and construction costs of their structures. This feature has not been particularly important when manufacturing volume is low and the energy requirements in manufacture did not present a significant cost. Recently, there has been considerable emphasis on full life-cycle costing of products. With the advent of high volume manufacture of antennas in markets such as mobile telephones and RFID tags, these issues have become particularly important.
This letter has addressed three significant short comings of RFID tags which inhibit their use: expense, performance and environment effects. These problems were tackled by tapering the wire radius. The effect of changing wire radius on two meander line antennas was investigated. It was shown that an increase in the wire radius reduces the ohmic loss, and so the efficiency and gain are improved. An undesirable consequence is that the resonant frequency increased for meander antennas. It is postulated that the increase in resonant frequency for meander line antennas is due to changes in the mutual inductance and capacitance. The tapering method was applied using two different methods: a) reducing the material needed to produce antenna of similar performance, and b) enhancing the performance using the same amount of material as original antenna. These two methods were used to design better performance and/or cheaper RFID tags in given area. The technique can be applied generally to all forms of wire and printed antennas.
